Abstract: Using satellite remote sensing data and re-analysis products for the period of 1993-2015, the variation of a large anticyclonic eddy, the so-called Great Whirl (GW), located in the Northwest Indian Ocean off the coast of Somali, and its impacts on atmosphere were investigated. The GW is generated in early summer and decays in late fall every year. The center of the GW is located at 7.73 • N, 53.20 • E. The mean lifetime, sea level anomaly (SLA) difference, sea surface temperature anomaly (SSTA), radius, normalized vorticity, eddy kinetic energy (EKE), and deformation rate are 169 days, 0.07 m, 0.83 • C, 116.86 km, −0.53, 0.08 m 2 ·s −2 , and 0.58, respectively. All these variables exhibit interannual variations. Composite analyses show that the maximum values of sea surface temperature (SST), wind, and water vapor anomalies occur in the northwest of the GW center. The fitting coefficient between the SST and wind speed anomaly is 1.1, indicating that, corresponding to 1 • C increases of the SST, the wind speed increases by about 1.1 m·s −1 , and the fitting coefficient between the SST and water vapor anomaly is 0.45, indicating that water vapor increases by about 0.45 mm in response to 1 • C increases in the SST. In the vertical direction, the maximum and minimum values of vertical velocity anomalies and vertical transport of transient zonal momentum occur over the GW at about 900 hPa, and wind speed anomalies occur at about 950 hPa. Both the positive transport anomalies of transient zonal momentum and the positive vertical velocity anomalies on the west side of the GW can accelerate the wind speed in the lower level.
Introduction
The Arabian Sea, located in the northwestern Indian Ocean, is dominated by the monsoon system, with large seasonal reversals of winds [1] . Under the influence of the monsoon, the Somali Current is the only western boundary flow in the world ocean that displays seasonal change in current direction [2] . In winter, the Somali warm current flows from north to south, but in summer, the cold water due to the upwelling along the coast of Somalia flows from south to north. In this seasonal and thermodynamics at higher levels in the atmosphere. Koseki et al. [19] used a high-resolution atmospheric circulation model to study the response characteristics of the atmospheric boundary layer to mesoscale ocean eddies in the Kuroshio extension. They showed that the spatial patterns of surface wind anomalies and mesoscale SST anomalies are significantly correlated. Frenger et al. [20] examined the relationship between eddies in the Southern Ocean and the atmosphere. Their results quantitatively show that anticyclonic and cyclonic eddies cause positive and negative anomalies of near-surface wind speed, cloud fraction, and rain rate, respectively. Ma et al. [21] analyzed the composition of more than 35,000 marine eddies in the Kuroshio extension area from 2006 to 2009, and found that the cold (warm) vortices cause the sea surface wind speed to decrease (increase) and reduce (enhance) the latent heat flux, sensible heat flux, cloud liquid water, and precipitation rate. Ma et al. [22] used high-resolution satellite observations to reveal distinct seasonal variations in atmospheric responses to oceanic eddies in the Kuroshio Extension region, characterized by much stronger surface wind speed and heat flux responses in the cold seasons (winter and spring) than in the warm seasons (summer and autumn). According to our knowledge, there are few reports in literature studying atmospheric response to the GW. Seo et al. [23] indicated that the climatological wind speed maximum of the Somali Jet is co-located with the GW, and that there can be a potential feedback on the structure of the low-level winds by using a coupled model named the Scripps Coupled Ocean-Atmospheric Regional model. Seo [24] used the same model to show that the mesoscale SST-wind interaction can influence the wind and Ekman pumping over the GW. When the effect of the SST-wind interaction is suppressed, the enhanced wind and the weakened Ekman pumping dipole cause the GW to extend northeastward, delaying the Somali Current separation by 1 • .
Based on the above reviews, we can see that previous research has investigated numerous aspects of the GW, however, further studies are needed to clarify its variations and address its impacts on atmospheric processes and other related issues. In the present study, we applied satellite remote sensing data of both atmospheric and oceanic variables to examine the variation of the GW and its influences on the atmospheric boundary layer. The study area was 0 • -30 • N, 40 • -80 • E, which fully covers the area of the GW. The remainder of this paper is organized as follows: datasets and methods used are introduced in Section 2. Mean state and interannual variations of the GW and atmospheric response to the GW are discussed in Section 3. Summary and discussion are presented in Section 4.
Data and Methods

Data
This study employed satellite remote sensing data (sea level anomalies (SLA), SST) [25] [26] [27] , Tropical Rainfall Measuring Mission (TRMM) microwave imager (TMI) data [28] , and ERA-Interim reanalysis (interim ECMWF Re-Analysis) data [29] . The details of these data are described below.
Satellite Altimeter Measured SLA Data
The SLA and SLA-derived geostrophic currents data employed in the present study were downloaded from the AVISO (Archiving, Validation, and Interpretation of Satellite Oceanographic Data). The 23 year (January 1993-December 2015) spatial and temporal resolution is 0.25 • × 0.25 • and daily, respectively. Both of these datasets were used to explore some features of GW.
Satellite Remote Sensing SST Data
The AVHRR (advanced very high resolution radiometer) SST data with 0.25 • × 0.25 • spatial resolution and daily sampling were used in this study. AVHRR is a sensor carried on the NOAA (National Oceanic and Atmospheric Administration) series of meteorological satellites. Since the launch of the TIROS-N satellite in 1979, the AVHRR sensor has continued to perform ground observation missions. The same period of SST data as that of the SLA data was used. 
ERA-Interim Reanalysis Data
The ERA-Interim reanalysis data were used in the present study. Multiple variables (zonal wind velocity, meridional wind velocity, and vertical wind speed) with 11 layers (from 1000 hPa to 500 hPa with 50 hPa interval) and 0.25 • × 0.25 • spatial resolution from 1998 to 2014 were used to analyze the impacts of the GW on the atmosphere in the vertical direction.
Methods
Eddy Automatic Detection.
The eddy detection method used in this paper was proposed by Nencioli [30] . Four constraints were derived in conformance with the eddy velocity field definition and characteristics described below. Eddy centers were determined at the points where all of the constraints were satisfied. The four constraints follow:
(1) along an east-west (EW) section, v reverses sign across the eddy center and its magnitude increases away from it;
(2) along a north-south (NS) section, u reverses sign across the eddy center and its magnitude increases away from it: the sense of rotation has to be the same as for v; (3) velocity magnitude is a local minimum at the eddy center; (4) around the eddy center, the directions of the velocity vectors have to change with a constant sense of rotation, and the directions of two neighboring velocity vectors have to lay within the same or two adjacent quadrants (the four quadrants are defined by the north-south and west-east axes: the first quadrant encompasses all the directions from east to north, the second quadrant encompasses the directions from north to west, the third quadrant encompasses the directions from west to south, and the fourth quadrant encompasses the directions from south to east.
The constraints require two parameters to be specified: one for the first, second, and fourth constraints, and one for the third one. The first parameter, a, defines how many grid points away the increases in magnitude of v along the EW axes and u along the NS axes are checked. It also defines the curve around the eddy center, along which the change in direction of the velocity vectors is inspected. The second parameter, b, defines the dimension (in grid points) of the area used to define the local minimum of velocity. These two parameters give flexibility to the algorithm: they set the minimum size of the detectable vortices and allow the algorithm to be applied to grids with different resolutions. The value of these two parameters has a significant effect on the results of the eddy detection.
Composite Analysis
For composite analyses, we collocated atmospheric and oceanic variables within a box area of 4 • latitude by 4 • longitude centered about the GW center. To obtain the small-scale characteristics of variables of interest, we removed a zonal 8 • moving average from the original data. The 31-point bandpass filter has been widely applied in recent scientific works [21] . Assuming X(t) is the input time series containing a variety of frequency components and h k are filter coefficients, Y(t) is the new time sequence, including the frequency components we need, and is expressed as
In this filter, when N = 15, selecting the appropriate filter coefficient can obtain the whirling motion of the weather scale with a period of 2.5-6 days. Through further tests, it was found that the filtering works well.
Results
Mean State
To demonstrate the feasibility of the eddy detection scheme, for an example, the location of the GW on 7 August 2015 (blue circle), together with several other eddies around the GW, is shown in Figure 1 . The flow field inside the GW rotates clockwise and the SLA is positive. 
Results
Mean State
Basic Characteristics
We applied the eddy detection method to the SLA data from 1993 to 2015, and obtained a dataset about the position, radius, lifetime, and intensity of the GW. We used a combination of this dataset, SLA, and SST data to analyze the basic characteristics of the GW in July, when the GW intensity reaches its strongest, shown in Figure 2 . Figure 2a shows the SLA distribution within the GW area. In the center of the GW, its maximum value is 0.3 m. The gradient of the SLA is basically the same from west to east, while the gradient is larger in the northern part of the GW than it in the southern part. Figure 2b ,c shows the difference of SLA and SST along the latitude from that at the center of the GW, respectively. The farther away from the center, the larger the value of the SLA is. The largest difference appears on the eastern edge, which is about −0.12 m. However, the pattern of SST is different from the SLA. The eddy detection method uses the SLA data to define the GW center, hence, the maximum SLA occurs at the center of the GW, while the maximum SST does not. This 
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phenomenon is attributed to some currents around the GW, which we will discuss in the following section. It can be found that the maximum SST appears on the west side of the GW center. The maximum SST anomaly is −0.7 ℃ on the eastern edge. The geostrophic velocity calculated based on the SLA profile in Figure 4b is plotted in Figure 4d . At the edge of the GW, the velocity changes slowly, while at the center, the velocity decreases rapidly. The maximum velocity is about 0.45 m • s at the east edge, while the velocity at the west edge is about 0.4 m • s . Monthly mean SLA and associated geostrophic currents from 1993 to 2015 are plotted in Figure  3 . It is obvious that there is a positive anomaly center, which is the GW, along the Somali coast from June to October. The intensity of the GW gradually increases in July and August, and weakens in September and October. It can also be seen that there is a westward-propagating Rossby-wave-like signal in the northwest Indian Ocean [31] . A positive SLA begins to form at the southern tip of India in December and arrives on the Somali coast in May, the time matching the formation time of the GW. This is the reason why the Rossby wave propagation is considered to be one mechanism for GW generation. It should be noted that the 'cyclonic eddy' signal appearing on the coast of Somalia in January is due to the fact that the AVISO data filters out the multi-year average sea surface height when calculating the SLA, resulting in this false signal in this position in January. This phenomenon is not present in the SST image (not shown). Figure 4 shows the monthly mean SST ( Figure 4a ) and SLA ( Figure 4c ) in the center of the GW from May to October for the period from 1993 to 2015. It can be seen that the SLA increases first and then decreases, while the SST is opposite. This is because the southwest monsoon not only enhances the intensity of the GW, but also enhances upwelling along the coast of Somalia, which upwells the cold seawater. The GW rotates clockwise and rolls up the cold water on the northwest side into the GW, causing the SST inside the GW to decrease. With the weakening of the southwest monsoon, the Monthly mean SLA and associated geostrophic currents from 1993 to 2015 are plotted in Figure 3 . It is obvious that there is a positive anomaly center, which is the GW, along the Somali coast from June to October. The intensity of the GW gradually increases in July and August, and weakens in September and October. It can also be seen that there is a westward-propagating Rossby-wave-like signal in the northwest Indian Ocean [31] . A positive SLA begins to form at the southern tip of India in December and arrives on the Somali coast in May, the time matching the formation time of the GW. This is the reason why the Rossby wave propagation is considered to be one mechanism for GW generation. It should be noted that the 'cyclonic eddy' signal appearing on the coast of Somalia in January is due to the fact that the AVISO data filters out the multi-year average sea surface height when calculating the SLA, resulting in this false signal in this position in January. This phenomenon is not present in the SST image (not shown). Figure 4 shows the monthly mean SST ( Figure 4a ) and SLA ( Figure 4c ) in the center of the GW from May to October for the period from 1993 to 2015. It can be seen that the SLA increases first and then decreases, while the SST is opposite. This is because the southwest monsoon not only enhances the intensity of the GW, but also enhances upwelling along the coast of Somalia, which upwells the cold seawater. The GW rotates clockwise and rolls up the cold water on the northwest side into the GW, causing the SST inside the GW to decrease. With the weakening of the southwest monsoon, the upwelling on the coast of Somalia gradually weakens, and the SST at the center of the GW begins to increase again. upwelling on the coast of Somalia gradually weakens, and the SST at the center of the GW begins to increase again. After the GW enters its maturity, the SLA increases but the SST decreases. It cannot be confirmed whether the overall intensity of the GW increases during this period, so we calculated the mean SST differences (Figure 4b ) and SLA differences (Figure 4d ) from May to October for the period from 1993 to 2015 (the difference was calculated by using the maximum value minus the minimum value within the GW). The SST anomalies in June, July, August, and September are greater than those during the other two months, which means that the intensity of the GW is relatively stronger during these months, and is the same as the SLA anomalies. The change trend of the SST anomaly is consistent with that of the SLA. Therefore, it can be considered that, under the effect of the southwest monsoon, the GW is strengthened after entering the mature period. After the GW enters its maturity, the SLA increases but the SST decreases. It cannot be confirmed whether the overall intensity of the GW increases during this period, so we calculated the mean SST differences (Figure 4b ) and SLA differences (Figure 4d ) from May to October for the period from 1993 to 2015 (the difference was calculated by using the maximum value minus the minimum value within the GW). The SST anomalies in June, July, August, and September are greater than those during the other two months, which means that the intensity of the GW is relatively stronger during these months, and is the same as the SLA anomalies. The change trend of the SST anomaly is consistent with that of the SLA. Therefore, it can be considered that, under the effect of the southwest monsoon, the GW is strengthened after entering the mature period. upwelling on the coast of Somalia gradually weakens, and the SST at the center of the GW begins to increase again. After the GW enters its maturity, the SLA increases but the SST decreases. It cannot be confirmed whether the overall intensity of the GW increases during this period, so we calculated the mean SST differences (Figure 4b ) and SLA differences (Figure 4d ) from May to October for the period from 1993 to 2015 (the difference was calculated by using the maximum value minus the minimum value within the GW). The SST anomalies in June, July, August, and September are greater than those during the other two months, which means that the intensity of the GW is relatively stronger during these months, and is the same as the SLA anomalies. The change trend of the SST anomaly is consistent with that of the SLA. Therefore, it can be considered that, under the effect of the southwest monsoon, the GW is strengthened after entering the mature period. To understand the movement pattern of the GW, we analyzed the trajectories of the GW every year, which is summarized in Figure 5 . Before the southwest monsoon onset (May and early June), the velocity of northward flow is small. At this time, the GW is formed, but it is far from the shore (as shown in Figure 5a ). After the southwest monsoon onset (June, July, and early August), the velocity of the northward flow begins to increase. At this time, the GW overlaps with the coastal current (as shown in Figure 5b ). Under the sustained action of the southwest monsoon (August), the intensity of coastal current reaches its strongest, leading to the bifurcation of the current at its northern end; one branch continues to flow north, and the other branch turns eastward. The GW moves away from the shore and moves southeastward under the action of this eastward flowing branch (as shown in Figure 5c ). Finally, when the southwest monsoon disappears (September and October), the northward coastal current also weakens and disappears, and the GW returns to its initial position and eventually disappears (as shown in Figure 5d ). It can be found that during this process, the GW presents a clockwise motion. To understand the movement pattern of the GW, we analyzed the trajectories of the GW every year, which is summarized in Figure 5 . Before the southwest monsoon onset (May and early June), the velocity of northward flow is small. At this time, the GW is formed, but it is far from the shore (as shown in Figure 5a ). After the southwest monsoon onset (June, July, and early August), the velocity of the northward flow begins to increase. At this time, the GW overlaps with the coastal current (as shown in Figure 5b ). Under the sustained action of the southwest monsoon (August), the intensity of coastal current reaches its strongest, leading to the bifurcation of the current at its northern end; one branch continues to flow north, and the other branch turns eastward. The GW moves away from the shore and moves southeastward under the action of this eastward flowing branch (as shown in Figure  5c ). Finally, when the southwest monsoon disappears (September and October), the northward coastal current also weakens and disappears, and the GW returns to its initial position and eventually disappears (as shown in Figure 5d ). It can be found that during this process, the GW presents a clockwise motion. 
Interannual Variations of the GW
Position
Based on the dataset mentioned above, the locations of the GW centers (latitude and longitude) from 1993 to 2015 and its interannual variation are analyzed in this section. Black lines in Figure 6 are the mean latitudes and longitudes of the GW center every year, and red (blue) lines are the value of the most easterly (westerly) longitudes and the most northerly (southerly) latitudes of the GW center in Figure 6a ,b, respectively. The mean position of the GW center is 7.73°N, 53.20°E, the mean value of the most easterly (westerly) longitude is 55.41°E (51.19°E), the mean value of the most northerly (southerly) latitude is 9.86°N (5.51°N), and the moving range of GW center is 4°N-11°N and 49°E-58°E. The mean position of GW reached its most southerly (northerly) point at 6.45°N (9.78°N) in 
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Based on the dataset mentioned above, the locations of the GW centers (latitude and longitude) from 1993 to 2015 and its interannual variation are analyzed in this section. Black lines in Figure 6 are the mean latitudes and longitudes of the GW center every year, and red (blue) lines are the value of the most easterly (westerly) longitudes and the most northerly (southerly) latitudes of the GW center in Figure 6a Figure 7 shows the contour of the zero sea surface wind stress curl and the mean state of the GW during the southwest monsoon. The west edge of the GW is tangent to the contour of the zero sea surface wind stress curl in most years, which implies that the interannual variation of the GW position is related to the zero sea surface wind stress curl.
In order to have a more direct view of the GW position variation, the numbers of the GW center presented in bins 0. Figure 7 shows the contour of the zero sea surface wind stress curl and the mean state of the GW during the southwest monsoon. The west edge of the GW is tangent to the contour of the zero sea surface wind stress curl in most years, which implies that the interannual variation of the GW position is related to the zero sea surface wind stress curl. In order to have a more direct view of the GW position variation, the numbers of the GW center presented in bins 0.5° 0.5° are plotted in Figure 8 . It can be seen from Figure 8 that there are two regions where the GW center has occurred the most, one being 53.5°E-54°E, 9°N-10°N, where the GW center occurred 62 times, and the other being 52.5°E-53°E, 6°N-7°N, where the GW center occurred 60 times. 
Lifetime
The GW is generated in the early summer, evolves in the following months, and decays in the early winter every year. 
The GW is generated in the early summer, evolves in the following months, and decays in the early winter every year. 1995-1996, 1998-1999, 2003, 2006-2007, 2009, 2013 and 2015 . It is found that the trends of the SST difference and the SLA difference are basically the same, which indicates that the trends of these two variables can roughly characterize the change of the GW intensity.
Radius, Deformation, Normalized Vorticity, and EKE
In this section, we analyze the radius (Figure 9c ), deformation (Figure 9c ), the normalized vorticity (Figure 9d) , and eddy kinetic energy (EKE) (Figure 9d ) of the GW. The radius is defined as the average distance from the GW boundary to the center. The deformation is defined as the ratio of the difference between the long axis and the short axis to the radius. The relative vorticity is the largest in an eddy center and the smallest in the boundary (reaches zero), in theory. The relative vorticity of an eddy is defined as the mean value within the eddy area confined by its boundary [32] . The relative vorticity in Figure 9d is normalized by the planetary rotation. The eddy kinetic energy (EKE) is the mean kinetic energy in the GW coverage area.
In Figure 9c , we can see that the average radius of GW is 116.86 km. The radius in 2015 was the largest, reaching 150.6 km, while it was smallest in 1994, with only 84.1 km. The average deformation rate is 0.58; the largest rate was 0. The average normalized vorticity is −0.53; the largest one was −0.62 in 1998 and the smallest one was −0.45 in 2014. The normalized vorticity was smaller in 1994-1996, 1998-1999, 2002-2003, 2007-2008, 2010, 2012-2013 , and 2015, but it was larger in 1993, 1997, 2000-2001, 2004-2006, 2009, 2011, and 2014 . It can be found that the normalized vorticity changes alternately about every two years.
The average EKE from 1993 to 2015 was 0.08 m 2 ·s −2 . In 1996, the EKE of the GW reached a maximum of 0.13 m 2 ·s −2 , while it was smallest in 2002 with only 0.04 m 2 ·s −2 . The EKE was smaller in 1993-1994, 1997, 1999-2004, 2008-2012 , and 2014, but it is larger in 1995-1996, 1998, 2005-2007, 2013, and 2015 . By comparing the radius and the EKE of the GW, we can find that their variations are similar, and the correlation coefficient between these two quantities is 0.60.
Atmospheric Responses to the GW
The GW is a seasonal mesoscale eddy occurring in the western Indian Ocean, close to the east coast of Africa. It is bound to have a certain impact on the countries bordering this area. Seo et al. [23] and Seo [24] used an air-sea coupled model to examine the GW's effect on the atmosphere. Here, we have applied the observation product and reanalyzed data to further explore the issue. For the composite analysis done in this section, a 4 • × 4 • square was selected by taking 2 • in each of the four directions, moving from the center of the GW. The small-scale characteristics of the variables were then obtained by removing an 8 • zonal moving average from them.
Composite Results near the Sea Surface
Composites of the SST, wind, and water vapor anomalies are shown in Figure 10 . The position of the maximum SST anomaly (0.2 • C) does not coincide with the center of the GW, but shifts toward the northwest (Figure 10a ). Figure 11 shows four evolution processes of the SST and flow fields near the GW as examples to explain this phenomenon. Climatologically, the SST is relatively higher on the southeast of the GW. Under the influence of the GW, the warmer seawater moves toward the south of the GW, and gradually moves to the west and northwest of the GW. The example of August 2000 ( Figure 11 , the first row) is analyzed in detail. On August 26, warm water near 56 • E, 6 • N gradually moved toward the northwest; on August 28, the SST on the southwest side of the GW was about 0.5 • C higher than that of two prior, and warm water still moved along the GW; on August 30, the SST on the southwest side of the GW further increased; on 1 September, the SST on the west side and the northwest side of the GW was about 1 • C higher than the previous days, and the earliest batch of warm water had reached the east side of the GW. Throughout the process, the cold Somali coastal current, which locates on the west side of the GW, flowed to the east side of the GW. Therefore, the SST on the northwest and south side of the GW was always higher than that on the east side, which explains why the largest positive SST anomaly center in Figure 10a appeared on the northwest side of the GW. The evolution processes of the other three examples ( Figure 11 , the second to the fourth row) are basically consistent with the example of August 2000. Although the temperature of the warm water reaching the west side of the GW in these three examples is not as high as that in 2000, they also show a similar pattern: that the SST on the west side of the GW is higher than that on the east side.
The maxima of the wind speed anomalies (Figure 10b ) and the water vapor anomalies (Figure 10c ) are also located on the northwest side of the GW center. The pattern of the wind speed anomaly is similar to that of the SST anomaly, and the water vapor shows a positive anomaly on the northwest side of the GW and a negative anomaly on the southeast side of the GW. The offset of these two anomaly centers with the GW center is affected by the SST. Previous studies have shown that wind accelerates over warm water at frontal or eddy scale [15, 20] . The center of the wind anomaly well matches the center of SST anomaly. The water vapor is mainly affected by wind and temperature. High wind speed and temperature accelerate the evaporation of seawater. Therefore, positive water vapor anomalies also occur over warm SST at small scales. In order to understand exactly how large the influence of the SST anomaly on the wind speed and the water vapor anomalies is, scatter plots of the SST, wind, and water vapor anomaly are plotted and linear fit was performed (Figure 12a,b) . The fitting coefficient between the SST and wind speed anomalies is 1.1, indicating that, corresponding to 1 °C increases of the SST, the wind speed increases by about 1.1 m • s . Similarly, the fitting coefficient between the SST and water vapor anomalies is 0.45, indicating that water vapor increases by about 0.45 mm in response to 1 °C increases in the SST. In order to understand exactly how large the influence of the SST anomaly on the wind speed and the water vapor anomalies is, scatter plots of the SST, wind, and water vapor anomaly are plotted and linear fit was performed (Figure 12a,b) . The fitting coefficient between the SST and wind speed anomalies is 1.1, indicating that, corresponding to 1 • C increases of the SST, the wind speed increases by about 1.1 m·s −1 . Similarly, the fitting coefficient between the SST and water vapor anomalies is 0.45, indicating that water vapor increases by about 0.45 mm in response to 1 • C increases in the SST. 
Composite Results in the Vertical Direction
In addition to analyzing variables in the horizontal direction, composites of the vertical velocity (ω) anomalies (Figure 13a,b) , vertical transport anomalies of transient zonal momentum ( Figure   Figure 12 . The wind speed anomaly ((a), units: m·s −1 ) and the water vapor anomaly ((b), units: mm) fitting with the SST anomaly, respectively (red line is the linear fitting line).
In addition to analyzing variables in the horizontal direction, composites of the vertical velocity (ω) anomalies (Figure 13a,b) , vertical transport anomalies of transient zonal momentum (Figure 13c,d) , and wind speed anomalies (Figure 13e ,f) were also analyzed using the ERA reanalysis data.
In Figure 13b , a positive anomaly center of the vertical velocity can be seen over the west side of the GW center, which means that there is anomalous subsidence extending up as high as 800 hPa. The maximum vertical velocity anomaly is at 900 hPa. The negative vertical velocity anomalies occur over the east side of GW center, which means that there is anomalous ascending, and extend up to the same level as the positive anomalies. In Figure 13a , the positive anomaly area gradually increases as the latitude increases, and the farther away from the center of the GW, the smaller the value of the positive anomaly is.
The vertical transport anomalies of transient zonal momentum are represented by u ω . The 31 point bandpass filter was used to estimate u and ω . In Figure 13d , the positive anomalies occurred over the west of the GW center from the sea surface to 800 hPa, and negative anomalies occurred in the east side, the same as the positive anomalies. Like the vertical velocity anomalies, the maximum anomalies and minimum anomalies also appeared at 900 hPa. The positive value represents downward transport of transient zonal momentum, which can accelerate the wind speed in lower levels, and the negative value is opposite. This result of the vertical transport anomalies of transient zonal momentum is different from that of Ma et al. [21] . Compared with their study, the positive anomalies shifted to the west side of the eddy center, with negative anomalies in the lower atmosphere. This may arise from regional differences. Figure 13e and f shows the wind speed anomaly in the vertical direction. It is different from the vertical velocity and u ω , with the maximum positive and the minimum negative wind speed anomaly appearing at 950 hPa. In Figure 13e , the positive wind speed anomaly appears northwest of the GW center, consistent with previous horizontal composite results. The downward transport of transient zonal momentum exited on the west side of the GW center, which resulted in the wind speed acceleration on the west side of the GW. The maximum vertical transport anomalies of transient zonal momentum was 900 hPa. Therefore, the maximum wind speed anomaly appeared at a lower height, which explains why the largest positive anomaly occurred at 950 hPa. transient zonal momentum exited on the west side of the GW center, which resulted in the wind speed acceleration on the west side of the GW. The maximum vertical transport anomalies of transient zonal momentum was 900 hPa. Therefore, the maximum wind speed anomaly appeared at a lower height, which explains why the largest positive anomaly occurred at 950 hPa. Through the composite analysis of the horizontal and the vertical directions, we can summarize the effects of the GW on the atmosphere. The SST is higher on the west side of the GW than on the east side, so the wind speed near the sea surface on the west side of the GW is faster. Under the joint Through the composite analysis of the horizontal and the vertical directions, we can summarize the effects of the GW on the atmosphere. The SST is higher on the west side of the GW than on the east side, so the wind speed near the sea surface on the west side of the GW is faster. Under the joint action of the SST and wind, positive water vapor anomalies also occur on the west side of the GW. In the vertical direction, both the downward movement and downward transport of transient zonal momentum on the west side of the GW can accelerate the wind speed in lower levels. It can be seen that both the SST and upper atmosphere can accelerate the wind speed on the west side of the GW.
Summary and Discussion
This study mainly focuses on the mean state and the interannual variations of the GW, and discusses the corresponding atmospheric responses.
Based on the eddy dataset, SLA, and SST data, we analyzed the basic characteristics of the GW in July. We found that the maximum SLA was 0.3 m in the center of the GW, the largest SLA (SST) difference was −0.12 m (−0.7 • C), and the maximum velocity was about 0.45 m·s −1 at the edge of the GW. By analyzing the monthly mean SLA and geostrophic currents, we found that the GW is presented from June to October, and the time when the Rossby wave arrives on the coast of Somalia basically coincides with the formation time of the GW. It can be suggested that the Rossby wave plays an important role in the GW generation. By analyzing the SST difference and SLA difference from May to October, we can conclude that the intensity of the GW is enhanced during the southwest monsoon. From Argo and WOA data, we consider that the effect of the GW can reach 300 m below the sea surface.
The average position of the GW center was 7.73 • N, 53.20 • E, and the mean lifetime, radius, normalized vorticity, EKE, and deformation rate were 169 days, 116.86 km, −0.53, 0.08 m 2 ·s −2 , and 0.58, respectively, during the period of 1993-2015. In addition, we carried out a detailed analysis of the interannual variation characteristics of variables related to the GW, namely, center position, the SST difference, the SLA difference, radius, deformation, normalized vorticity, and EKE: they all exhibit clear interannual variations.
We used composite analysis to study the response of the atmosphere to the GW, and found that the centers of the maximum anomaly of the SST, wind speed, and water vapor were all on the northwest side of the GW. Factors contributing to such a result include that the SST on the west side of the GW is higher than that on the east side, under the influence of the GW. In the vertical direction, we found that three variables have the same mode. The positive and negative anomaly centers of vertical velocity and vertical transport anomalies of transient zonal momentum were observed at 900 hPa, while the positive and negative wind speed anomaly center appeared at 950 hPa.
The basic characteristics of the GW obtained by the present study agree with previous investigations of the topic. Compared with previous studies on the GW, we have conducted an extensive investigation of the interannual variation and the impacts of the GW on the atmospheric boundary layer. The GW variation was not found to be well related to basin-scale variations such as the IOD index or ENSO events, but the western edge of the GW does move along the contour of the zero sea surface wind stress curl. The relationship between local variation of the GW and basin-scale variation needs to be further investigated. Due to the availability of the observational data, the detailed physical processes on how the GW impacts on the atmosphere are not clear. We will apply air-sea coupling models to explore the issue in the near future.
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